A novel method was developed to fabricate all-ceramic restorations which comprised CAD/CAM-fabricated machinable ceramic bonded to CAD/CAM-fabricated zirconia framework using resin cement. The feasibility of this fabrication method was assessed in this study by investigating the bonding strength of a machinable ceramic to zirconia. A machinable ceramic was bonded to a zirconia plate using three kinds of resin cements: ResiCem (RE), Panavia (PA), and Multilink (ML). Conventional porcelain-fused-to-zirconia specimens were also prepared to serve as control. Shear bond strength test (SBT) and Schwickerath crack initiation test (SCT) were carried out. SBT revealed that PA (40.42 MPa) yielded a significantly higher bonding strength than RE (28.01 MPa) and ML (18.89 MPa). SCT revealed that the bonding strengths of test groups using resin cement were significantly higher than those of Control. Notably, the bonding strengths of RE and ML were above 25 MPa even after 10,000 times of thermal cycling -adequately meeting the ISO 9693 standard for metal-ceramic restorations. These results affirmed the feasibility of the novel fabrication method, in that a CAD/CAM-fabricated machinable ceramic is bonded to a CAD/CAM-fabricated zirconia framework using a resin cement.
INTRODUCTION
Metallic restorations have a long-standing history of clinical use in dentistry. However, increase in patients' aesthetic expectations and demands caused the metallic restorations to be sidelined and led to the development and emergence of porcelain-fused-to-metal (PFM) restorations. Despite the brittle nature of porcelain, PFM crowns are widely used [1] [2] [3] because the metallic frameworks afford superior mechanical durability. On the other hand, the use of metals in PFM restorations gives rise to gingival discolorations and metal-related allergies [4] [5] [6] . All-ceramic restorations can solve these problems triggered by the use of metals in PFM restorations. New ceramic materials such as alumina, spinel, lithium disilicate, and zirconia are stronger and tougher than conventional porcelain, and they were thus introduced to fabricate all-ceramic prostheses 7, 8) . Notably, yttria tetragonal zirconia polycrystals (Y-TZP) exhibit superior aesthetics and excellent mechanical properties. Thus, in the case of all-ceramic restorations, Y-TZP is widely expected to assume the role of the metal framework of conventional PFM restorations.
Non-zirconia-based ceramics have been used for bridges and implant superstructures that exceed 4 units -including the molar teeth 8) . Nonetheless, in vitro studies showed that Y-TZP exhibited higher flexural strength of 900-1200 MPa 7, 9) and higher fracture toughness (Kic) of 5-9 MPa-m 1/2 because of transformation toughening 7, 8, 10) . Tensile stresses generated by an imminent crack at a crack tip induce a transformation of Y-TZP crystals from the metastable tetragonal phase to the monoclinic phase. This phase transformation is accompanied by a local volume expansion of 3-5% which favors crack closure. This is because such an increase in volume results in localized compressive stresses being generated around and at the tip of the crack, which then counteract the external tensile stresses acting on the fracture tip 7, 10) . The last step in the fabrication of all-ceramic restorations involves veneering porcelain on the zirconia frame. Consequently, the expanding use of zirconia frameworks is faced with a new challenge: chip-off fracture of veneering porcelains [11] [12] [13] . Factors that cause chip-off fracture are related to the thickness and toughness of veneering porcelain, restoration geometry such as lack of proper veneering porcelain support, inadequate framework design, location of contact areas, and bond strength of veneering porcelain to zirconia 11, 14) . Notably on the bond strength factor, Guess et al. reported that the bond strength of porcelain to zirconia was lower than that of porcelain to metal 14) . On the adhesion of resin cements to zirconia, it has seen significant improvements through the use of primers and surface modification treatments developed specifically for zirconia-resin bonding [15] [16] [17] [18] [19] [20] . In a previous study, we reported that a maximum bonding strength of 49.4 MPa was achieved between resin cement and zirconia through a combined application of primer and surface treatments 20) . In another study 21) , a "combination treatment" -which entailed tribochemical surface modification treatment followed by a combined application of silane coupling agent and a functional Novel fabrication method for zirconia restorations: Bonding strength of machinable ceramic to zirconia with resin cements monomer as primer-markedly improved the bond strength between a CAD/CAM-fabricated, leucitereinforced feldspathic glass ceramic and resin cement.
In light of the favorable results obtained in our previous studies 20, 21) , we decided to challenge the conventional porcelain layering technique. A novel fabrication method based on the tested adhesion technique 21) was proposed for all-ceramic restorations, whereby CAD/CAM fabricated veneering ceramics would be bonded to zirconia frameworks using resin cements.
The aim of this study was to assess the feasibility of this novel fabrication method by examining the bonding strength of a machinable ceramic to zirconia using shear bond strength test (SBT) and Schwickerath crack initiation test (SCT). The latter was a prescribed evaluation method, according to ISO 9693, for metalceramic bond characterization.
MATERIALS AND METHODS

Materials used
A commercial Y-TZP material (IPS e.max ZirCAD, Ivoclar Vivadent) was selected in this study for the zirconia framework. A leucite-reinforced glass ceramic for CAD/CAM use (IPS Empress CAD, Ivoclar Vivadent) and a low-fusing nano-fluorapatite glass ceramic for conventional porcelain layering technique (IPS e.max Ceram, Ivoclar Vivadent) were selected as veneering materials from the same manufacturer, with the latter serving as a control. More details about the ceramic materials used in this study are given in Table 1 .
For Y-TZP, it was surface-modified with alumina sandblasting at 4 bar, 25 µm (WA25, Heraeus Kulzer). For leucite-reinforced glass ceramic, the combination treatment tested in our previous study 21) was applied accordingly: surface modification by tribochemical treatment (Rocatec, 3M ESPE) followed by a combined application of a silane coupling agent (ESPE Sil, 3M ESPE) and a functional monomer (Epricord Opaque Primer, Kuraray Medical) as primer.
Three kinds of resin cements (ResiCem, Shofu; Panavia F2.0, Kuraray Medical; Multilink, Ivoclar Vivadent) were selected to bond the veneering ceramics to the zirconia frameworks with their respective manufacturer-recommended functional monomers (AZ Primer, Shofu; Epricord Opaque Primer, Kuraray Medical; Metal/Zirconia Primer, Ivoclar Vivadent).
Shear bond strength test (SBT)
1. Zirconia plates After sectioning a raw-stage zirconia block using a low-speed diamond cutting saw (Isomet, Buehler, Lake Bluff, IL, USA), sintering was carried out according to manufacturer's instructions to obtain zirconia plate specimens of 10×12.5×2 mm dimensions. 2. Bonding procedure IPS Empress CAD was machined to obtain disk specimens of φ8×2 mm dimensions. As described in our Table 1 Materials used in this study previous study 21) , the surfaces of these disk-shaped, machinable ceramic specimens were modified using the "combination treatment".
Each zirconia plate was embedded in a mold by pouring in a resin (Palapress Vario, Heraeus Kulzer, Hanau, Germany) followed by curing. A vinyl tape of 0.07 mm thickness with a 6-mm-diameter hole was attached to the bonding surface of the zirconia plate to define the bonding area. A disk-shaped, machinable ceramic specimen was bonded to the zirconia plate with one of the three sets of resin cements and primers selected for this study (Table 1) . 3. SBT procedure A fixed load of 2 kgf was placed on the bonded zirconiamachinable ceramic specimens, and excess cement paste was removed. After curing, specimens were immersed in 37°C deionized water and stored for 24 hours. A universal testing machine (Model 1125-5500R, Instron, Kawasaki, Japan) was used for the shear bond strength test, as illustrated in Fig. 1 . Shear bond strength test was performed at a crosshead speed of 1.0 mm/min. 4. Statistical analysis Mean shear bond strength values were analyzed by one-way ANOVA and Tukey's multiple comparison test to determine whether significant differences (p<0.05 and p<0.01) existed among the three resin cements (n=5).
Schwickerath crack initiation test (SCT)
1. Preparation of bonded specimens After sectioning a raw-stage zirconia block using a low-speed diamond cutting saw (Isomet, Buehler), sintering according to the manufacturer's instructions was carried out to obtain zirconia plate specimens of 25×3×0.5 mm dimensions. Veneering ceramic specimens of 8×3×1.1 mm dimensions were obtained after sectioning the machinable ceramic followed by surface modification using the "combination treatment".
For comparison purpose, porcelain-fused-to-zirconia specimens fabricated using IPS e.max Ceram as the veneering ceramic and by the conventional porcelain layering technique were also prepared as control.
Machinable ceramic specimens were bonded to zirconia plate specimens (Fig. 2) using one of the three sets of resin cements and primers selected for this study (Table 1) . A fixed load of 2 kgf was placed on the bonded specimens, and excess cement paste was removed. After curing, specimens were immersed in 37°C deionized water and stored for 24 hours. 
SCT procedure A universal testing machine (Model 1125-5500R, Instron) was used for the Schwickerath crack initiation test (SCT)
at a crosshead speed of 1.5 mm/min, as illustrated in Fig.  3 . Specimens were also subjected to 10,000 times of thermal cycling between 4 and 60°C, and then tested using SCT. Debonding/crack-initiation strength was calculated according to ISO 9693.
Statistical analysis
Mean debonding/crack-initiation strength values were analyzed by one-way ANOVA and Tukey's multiple comparison test to determine whether significant differences (p<0.05 and p<0.01) existed between each resin cement and Control (n=7). Figure 4 shows the mean shear bond strength values of specimens bonded with RE, PA, and ML. Shear bond strength was calculated based on fracture load measured during SBT. The mean shear bond strengths of RE, PA, and ML were 28.01, 40.42, and 18.89 MPa respectively. Statistically significant differences were observed between PA and RE (p<0.05), and between PA and ML (p<0.01). Fracture was observed within the veneering ceramics in all test groups. Figure 5 shows the mean debonding/crack-initiation strength (D/C strength) values of specimens bonded with RE, PA, and ML, which were calculated according to ISO 9693. The results of Control were also shown in Fig. 5 for comparison purpose. After 24-hour water storage, the mean D/C strength values of RE, PA, ML, and Control were 38.9, 40.1, 39.8, and 15.9 MPa respectively. The D/C strength of Control was significantly lower (p<0.01) than the other test groups.
RESULTS
SBT
SCT
After thermal cycling, the mean D/C strength values of RE, PA, ML, and Control were 27.4, 20.4, 26.8, and 15.6 MPa respectively. Statistically significant difference (p<0.01) was observed between RE and the Control. On the other hand, no significant differences in D/C strength were observed between PA and the Control, and between ML and the Control. Similarly, there were no significant differences among RE, PA, and ML.
For each resin cement investigated in this study, statistically significant differences in D/C strength were observed before and after thermal cycling (RE: p<0.05; PA, ML: p<0.01).
DISCUSSION
The frequency of chip-off fractures is higher in zirconia restorations than in conventional PFM restorations 14) . In conventional PFM restorations, the chip-off fracture rate after 10 to 15 years of clinical service ranged between 2.7 and 5.5% 22, 23) . In zirconia restorations, the chip-off fracture rate was 15% after 24 months of clinical service 24) and 25% after 31 months 25) . Many factors (or a combination of several factors) result in chip-off fractures, and the low bond strengths of veneering porcelains to zirconia is one of them 11, 14) . Guess et al. reported that the shear bond strength of porcelain to metal was 27.6 MPa, while that of porcelain to zirconia was 9.4-11.5 MPa 14) . Rocha et al. reported that an incomplete bond between the veneer and zirconia framework increased the stress in the ceramic veneer and induced veneer failure 26) . Therefore, an improved bonding system stronger than that afforded by the conventional fusing technique is of impending need.
We have previously reported that with an optimal combination of primer conditioning and surface modification treatments, a maximum bond strength of 49.4 MPa was achieved between zirconia and resin cement 20) . In another study, we reported that the bond strength of resin cement to CAD/CAM ceramic was improved by a combined application of tribochemical system and metal primer on the bonding surface 21) . Taken together, these reports suggested that veneer chipping stemming from low core-veneer bond strengths might be solved by adhering CAD/CAM-fabricated machinable ceramics to zirconia frameworks using resin cements. There is another advantage to this novel fabrication method. In the event of chipping failure in a CAD/CAM-fabricated veneering ceramic, it could be easily repaired using preserved CAD data.
To assess the feasibility of our novel fabrication method, SBT served as a preliminary test to investigate the bonding strength of a machinable ceramic to zirconia with three types of resin cements (used with their manufacturer-specified primers). Primers developed exclusively for zirconia surface treatment were available for both RE and ML, but not for PA. In a study by Wolfart et al., it was reported that MDP was effective for increasing the bond strength to zirconia 16) . For this reason, a metal primer containing MDP was used in conjunction with PA in this study. The shear bond strengths exhibited by RE (28.01 MPa) and PA (40.42 MPa) in this study were higher than that of porcelain-tometal (27.6 MPa) reported by Guess et al. 14) . Therefore, bonding machinable ceramics to zirconia with resin cements, and with the bonding surfaces pretreated with primers, seemed promising.
Although SBT is often used to evaluate the bond strength between ceramic materials and resin cements, the bond strength thus measured is sensitive to the surface finish of the ceramic material and the mechanical properties of the resin cement. In addition, depending on the configuration of the specimen testing jig, it might be difficult to ensure that the shear load is centrally applied on the adhesion surface. In this study, SBT only served to confirm whether there was adequate interfacial bond strength between resin cement and each bonding surface (i.e., zirconia plate and machinable ceramic disk) within the bonded specimens. To evaluate the bonding strength of machinable ceramics to zirconia, SCTbased on ISO 9693 standard for metal-ceramic bond characterization-was also carried out in this study. SCT is a more stringent bond strength evaluation method than SBT in that veneering ceramics are debonded easily by vertical loading on the bonding surface.
The minimum debonding/crack-initiation (D/C) strength set by ISO 9693 standard for metal-ceramic bond is 25 MPa. SCT results shown in Fig. 5 revealed that not only were all the bonding strengths of machinable ceramic cemented to zirconia using resin cements significantly higher than those fused to zirconia, the D/C strengths of RE, PA, and ML exceeded 25 MPa. Moreover, the D/C strengths of RE and ML remained above 25 MPa after thermal cycling.
Results of this study adequately showed that our novel fabrication method for all-ceramic restorations with resin adhesive technology is a feasible solution to the low bond strength typical of all-ceramic restorations fabricated using the conventional porcelain layering technique. Nonetheless, more research and investigations need to be carried out to ensure the clinical applicability and usefulness of this fabrication method, notably regarding the bonding durability of the resin cements in preventing veneer chipping failures.
CONCLUSION
Schwickerath crack initiation test (SCT) was performed to evaluate the bonding strength of a machinable ceramic to zirconia using resin cements. The D/C strength values exhibited by the cemented specimens were significantly higher than those of the Control which were conventional porcelain-fused-to-zirconia specimens. Bonding strengths of RE and ML were above 25 MPa, hence satisfying the minimum requirement stipulated in ISO 9693 for metal-ceramic bond. In particular, the bonding strength of RE was significantly higher than the Control even after 10,000 times of thermal cycling.
These results suggested that our novel fabrication method for all-ceramic restorations is a promising alternative to the conventional porcelain layering technique, whereby CAD/CAM-fabricated veneering ceramics would be bonded to CAD/CAM-fabricated zirconia frameworks with resin cements.
